ABSTRACT Infrared Dark Clouds (IRDCs) are dense molecular clouds seen as extinction features against the bright mid-infrared Galactic background. Millimeter continuum maps toward 38 IRDCs reveal extended cold dust emission to be associated with each of the IRDCs. IRDCs range in morphology from filamentary to compact and have masses of 120 to 16,000 M ⊙ , with a median mass of ∼940 M ⊙ . Each IRDC contains at least one compact (≤0.5 pc) dust core and most show multiple cores. We find 140 cold millimeter cores unassociated with MSX 8 µm emission. The core masses range from 10 to 2,100 M ⊙ , with a median mass of ∼120 M ⊙ . The slope of the IRDC core mass spectrum (α ∼ 2.1 ± 0.4) is similar to that of the stellar IMF. Assuming that each core will form a single star, the majority of the cores will form OB stars. IRDC cores have similar sizes, masses, and densities as hot cores associated with individual, young highmass stars, but they are much colder. We therefore suggest that IRDC represent an earlier evolutionary phase in high-mass star formation. In addition, because IRDCs contain many compact cores, and have the same sizes and masses as molecular clumps associated with young clusters, we suggest that IRDCs are the cold precursors to star clusters. Indeed, an estimate of the star formation rate within molecular clumps with similar properties to IRDCs (∼ 2 M ⊙ yr −1 ) is comparable to the global star formation rate in the Galaxy, supporting the idea that all stars may form in such clumps.
introduction
Although high-mass stars (>6 M ⊙ ) have a profound effect on the Galactic environment and are responsible for recycling and enriching interstellar matter, their early evolutionary phases are not well known. Because they evolve rapidly, high-mass stars have a short lifetime. In addition, high-mass stars emit copious amounts of UV photons, which quickly heat, ionize, and disrupt their natal molecular clouds. Thus, direct observations of their earliest stages are difficult.
Because high-mass stars invariably form in star clusters, to understand high-mass star formation it is important to study the earliest stages in the formation of star clusters. Molecular line, infrared (IR), and millimeter continuum studies of young, embedded clusters show that star clusters form from small (∼0.5-1 pc), massive (∼100-1000 M ⊙ ), and dense (∼10 4 -10 6 cm −3 ) molecular clumps within a giant molecular cloud (see Table 1 ; Motte et al. 2003) . Cluster-forming clumps have star-formation efficiencies of ∼ 10-30% and a highly fragmented sub-structure (Lada et al. 1997) . Within these clumps, the densest, most compact sub-structures, called "cores", give rise to individual stars.
The emerging picture of star formation begins with the fragmentation of a molecular cloud (e.g. Shu et al. 1987) . Observational evidence suggests that molecular clouds are fragmented on all size scales (Williams et al. 2000) . The cloud eventually condenses into cold, gravitationally bound starless cores. As the core becomes centrally concentrated and begins to collapse gravitationally, a protostar and disk system is formed as material is accreted from its surroundings. Soon thereafter, bipolar outflows and jets are formed as a consequence of the accretion process. The central star then emerges from the molecular cloud to be an optically visible main-sequence star.
For low-mass stars, the theory is well developed (e.g. Shu 1991) , and all of these evolutionary stages are observed (e.g. Lada 1999 ). The earliest stage in the formation of low-mass stars are identified as Bok globules. These are isolated, well-defined patches of optical obscuration (A v =1-25 mag) viewed against background stars (Bok & Reilly 1947) . Because of their isolation and uncomplicated environments, Bok globules have been studied extensively and have provided an excellent observational perspective of the initial conditions within low-mass starforming molecular clouds. Many studies of Bok globules have used optical and IR star counts to trace their visual extinctions and, hence, have measured their column densities, masses, and internal structure (e.g. Alves et al. 2001; Lombardi & Alves 2001 ). Bok globules have small sizes (0.1-2 pc), characteristic masses of 1-100 M ⊙ , and a simple morphology (see Table 1 ; Leung 1985; Clemens & Barvainis 1988; Bourke et al. 1995) .
Within Bok globules, the dense, compact pre-cursors to the individual protostars are found. These so-called "preprotostellar cores" have low temperatures (∼ 10 K), compact sizes (∼0.05 pc), low masses (0.5-5 M ⊙ ), and high densities (10 5 -10 6 cm −3 ; see Table 1 ; e.g. Myers & Benson 1983; Ward-Thompson et al. 1994 ). Once the embedded protostar begins to evolve toward the main-sequence, 1 it emits strongly in the IR (e.g. Lada & Wilking 1984; Adams et al. 1987 ) and reveals molecular outflows, jets, and Herbig-Haro objects (e.g. Snell et al. 1980; Bally & Lada 1983; Fukui et al. 1993) .
In contrast, the early evolution of high-mass stars is not as well understood. Observationally, the earliest known, well-characterized phase of high-mass star formation is associated with a special class of molecular cores called "hot cores." Hot cores are internally heated (50-250 K), small (<0.1 pc), massive (∼100-300 M ⊙ ), and dense (10 5 -10 8 cm −3 ; see Table 1 ; Kurtz et al. 2000; Churchwell 2002 ). In the later stage of the hot core phase, molecular outflows and maser emission appear, both of which are signatures of an accretion disk Kurtz et al. 2000) . This stage marks the appearance of ultra-compact H II regions, the small, dense regions of ionized gas which surround the embedded highmass main-sequence star.
These observed early evolutionary stages of high-mass stars represent a phase after the central protostar has already formed. A complete understanding of the formation of high-mass stars, however, must begin with an earlier phase, before the formation of the protostar. Presumably, high-mass stars will also proceed through stages analogous to the Bok globules and pre-protostellar cores found in the case of low-mass star formation. So far, however, observational examples of these phases for high-mass stars have remained elusive.
By analogy, we expect the high-mass equivalents of Bok globules and high-mass starless cores also to be cold. However, because they are the precursors to high-mass stars, they should have larger sizes, masses, column densities, and volume densities. Because the high-mass Bok globule analogs are likely to be cold and very dense, one might expect to detect them as extinction features and to trace their internal structure through millimeter/submillimeter continuum imaging.
We suggest that the earliest stage of high-mass star formation occurs within infrared dark clouds (IRDCs). IRDCs are defined as regions of high extinction viewed against the bright, diffuse mid-IR Galactic background. IRDCs, first detected by ISO and then by MSX (Perault et al. 1996; Egan et al. 1998; Hennebelle et al. 2001) , are ubiquitous throughout the Galaxy (Simon et al. 2006a ). Previous studies show that their molecular material has low temperatures (< 25K), high column densities (∼ 10 23 -10 25 cm −2 ), and high volume densities (>10 5 cm −3 ; Egan et al. 1998; Carey et al. 1998 Carey et al. , 2000 . A recent molecular line study of a large sample of IRDCs establishes their kinematic distances and shows that their Galactic distribution is enhanced towards the Galaxy's most massive star forming structure, the so-called 5 kpc ring (Simon et al. 2006b) . Millimeter/submillimeter studies of a few IRDCs show that they harbor compact cores (Lis & Carlstrom 1994; Carey et al. 2000; Redman et al. 2003; Garay et al. 2004; Ormel et al. 2005; Rathborne et al. 2005) .
We have developed an algorithm (Simon et al. 2006a ) to identify IRDCs as regions within the MSX 8 µm Galactic Plane Survey (Price et al. 2001 ) that have a significant decremental contrast 1 against a modelled background. IRDCs were identified from contrast images if they met two conditions; (1) they must be regions of contiguous pixels whose measured contrast lies at least 2σ above the instrumental noise, and (2) they must have solid angles > 1,200 square arcsec. Because the Galactic background is highly variable, the signal-to-noise, and hence the significance level, is non-uniform for this sample. Simon et al. (2006a) find 10,961 IRDCs meeting these criteria 2 . Because IRDCs are extinction features seen against the Galactic mid-IR background, their identification is strongly biased toward nearby clouds and clouds that lie in front of bright mid-IR background emission. Almost certainly, clouds with identical temperatures, sizes, masses, column densities, and volume densities as known IRDCs have escaped detection. These undetected clouds will preferentially lie on the far side of the Galaxy, behind the bulk of the Galaxy's diffuse mid-IR emission, or in the outer Galaxy, where the Galactic mid-IR background is faint.
Because IRDCs are cold, their thermal dust emission peaks at millimeter/submillimeter wavelengths. Consequently, we can best study their internal structure by imaging at these wavelengths. A further advantage is that the dust emission at millimeter wavelengths is optically thin. Thus, unlike optically thick molecular line emission, the millimeter dust continuum is a more accurate tracer of column density and mass.
In this paper, we show that IRDCs are cold molecular clumps with sizes and masses identical to those of the warmer cluster-forming clumps. Moreover, we find that IRDCs contain compact cores with sizes, masses, and densities comparable to high-mass star-forming hot cores, the only obvious difference being that IRDC cores are colder. We therefore suggest that IRDCs are the cluster-forming, high-mass analogs to Bok globules, and their embedded cores the precursors to individual high-mass protostars.
observations
For this study, we selected the 38 darkest IRDCs with known kinematic distances from the sample of Simon et al. (2006b) . The local standard of rest (LSR) velocity for each IRDC was determined from a morphological match of the mid-IR extinction to 13 CO emission from the Boston University-Five College Radio Astronomy Observatory Galactic Ring Survey (Simon et al. 2001; Jackson et al. 2006) . Velocities were converted to a Galactocentric radius and kinematic distance using the Clemens (1985) rotation curve 3 scaled to R 0 =8.5 kpc and Θ 0 =220 km s −1 . Because IRDCs are extinction features, they are assumed to lie at the near kinematic distance. The IRDCs within our sample show the highest peak contrast relative to the extended mid-IR background (> 36%) and span a broad range in distance and Galactic location. ′′ . Because the morphology of the IRDCs ranged from compact to filamentary, we mapped each of the IRDCs using the on-the-fly mapping mode with a size large enough to cover the extent of the mid-IR extinction. The map sizes ranged from 3 ′ × 3 ′ to 9 ′ × 9 ′ . The scanning speed was 6 arcsec s −1 for maps 6 ′ × 6 ′ or smaller, and 8 arcsec s −1 for larger maps. To sample the emission fully, all maps were obtained in the 'sweeping' mode, where the spacing between sub-scans was set to 22
′′ . Pointing and sky-dip calibrations were performed regularly.
All data reduction was achieved within the MOPSI package 4 . All maps were reduced by applying the atmospheric opacity corrections, fitting and subtracting a baseline, and removing the correlated sky noise. Maps were flux calibrated using the conversion factor obtained from the counts detected in observations of Uranus. The rms noise level in each of the final maps is ∼ 10 mJy beam −1 .
3. results
Global Millimeter Emission Characteristics
Millimeter continuum emission was detected toward all 38 of the IRDCs observed. Figures 1-6 show the 1.2 mm continuum emission toward each IRDC overlaid on the MSX 8 µm image. In all cases, the morphology of the millimeter continuum emission matches the mid-IR extinction extremely well.In addition, all IRDCs have at least one bright, compact millimeter source; most show multiple, compact sources superimposed on fainter, extended emission.
Although IRDCs all exhibit extinction in the mid-IR, their morphologies vary considerably. Their shapes can be simple and unstructured on the one hand, and complex and filamentary on the other.
For example, the IRDCs G028.08+00.07 (Fig. 3[c] ) and G035.59-00.24 (Fig. 5[e] ) show little sub-structure, whereas G034.43+00.24 (Fig. 5[b] ) and G035.39−00.33 (Fig. 5[d] ) are highly filamentary. Some IRDCs also show a complicated internal sub-structure with 10 or more compact cores, for example, G024.33+00.11 (Fig. 2[c] ), G028.37+00.07 (Fig. 3[f] ), G028.53−00.25 (Fig. 4[a] ), and G033.69−00.01 ( Fig. 5[a] ).
By eye we have catergorized each IRDC as either "compact" or "filamentary" based on the morphology of the millimeter continuum emission. We find 22 IRDCs are compact, while 16 are filamentary. We find a slight trend for higher mass cores to be found within the filamentary clouds. For compact IRDCs the average mass of the most massive core is ∼ 210 M ⊙ . For filamentary IRDCs, however, the average mass of the most massive core is ∼ 660 M ⊙ , about a factor of 3 higher.
The degree to which IRDCs are associated with mid-IR continuum emission sources is highly variable. For example, G015.31−00.16 ( Fig. 1[b] ), G022.73+00.11 ( Fig. 1[f] ), and G024.60+00.08 ( Fig. 2[d] ) show no obvious association with any mid-IR continuum emission source in MSX 8 µm images (to a sensitivity limit of 1. 
IRDC Masses
Reliable mass estimates of IRDCs using molecular lines are problematic because the lines are often highly opaque and thus do not trace their embedded interiors. In addition, because IRDCs are so cold, molecules are frozen onto dust grains in their centers. Because dust is optically thin and not depleted, it is a better mass tracer. We use the 1.2 mm continuum emission to estimate the cloud mass using the expression (Hildebrand 1983) , where F ν is the observed integrated source flux density, D is the distance, κ ν is the dust opacity per gram of dust, and B ν (T ) is the Planck function at the dust temperature. We adopt for κ 1.2mm a value of 1.0 cm 2 g −1 (Ossenkopf & Henning 1994) and assume a gas-to-dust mass ratio of 100. We assume graybody emission with an emissivity index β of 2 (Carey et al. 2000; Rathborne et al. 2005) . We also assume a dust temperature of 15 K, which is consistent with temperature estimates from molecular line emission (Teyssier et al. 2002) , previous observations of a few IRDCs at submillimeter wavelengths (Carey et al. 2000) , and the fact that some IRDCs are seen as extinction features up to 100 µm ).
The derived masses will be underestimated if the value for β is lower than the assumed value of 2 (e.g., β of 1 will increase the IRDC masses by about 10%) and overestimated if the temperature is higher than the assumed value of 15 K (e.g., a dust temperature of 30 K will reduce the IRDC masses by ∼ 40%). The derived masses are proportional to the assumed value of κ ν . Table 2 lists, in order of increasing Galactic longitude, each of the IRDCs, the coordinates of the peak contrast (Simon et al. 2006a) , the LSR velocity (V LSR ), line width (∆V ) and kinematic distance (D; Simon et al. 2006b ), the peak and integrated 1.2 mm flux, and the mass. The integrated 1.2 mm fluxes were obtained by summing the 1.2 mm continuum emission above a 3σ level (>30 mJy beam −1 ) over the extent of the mid-IR extinction feature. The total mass of the IRDCs were calculated using the integrated flux and were found to range from 120 to 16,000 M ⊙ , with a median mass of 940 M ⊙ and an average mass of ∼ 3,000 M ⊙ . Figures 1-6 show that the millimeter emission associated with each IRDC typically extends a few arcmins, or a few parsecs given their distances.
Compact Cores
Compact cores were identified by fitting twodimensional gaussians to the peaks (>8σ) within the 1.2 mm continuum images. Each Gaussian was subtracted before the next was fit until the image contained only extended emission. The number of cores found within each IRDC ranged from 1 to 18. Toward the 38 IRDCs, we detected a total of 188 compact cores, increasing the sample of known cores within IRDCs from ∼10 (Carey et al. 2000; Redman et al. 2003; Garay et al. 2004) . Table 3 lists the properties of the cores, including: their designation, coordinates, peak and integrated 1.2 mm flux, average angular and physical sizes, and mass. The cores are named in order of decreasing peak 1.2 mm flux with the designation "MM" (e.g., MM1, MM2, etc). Because the 1.2 mm images extend beyond the IRDC, they often include nearby, bright millimeter cores that are associated with strong 8 µm emission sources (and in some cases IRAS sources). We find 48 of the cores are associated with MSX 8 µm emission. These "warm" cores are included within our list, but are marked as being associated with 8 µm emission and not an extinction feature (an "em" in the comment column of Table 3 ). These cores are not included in the following analyses. Thus, removing these "warm" cores from our sample, we find 140 "cold" millimeter cores associated with the 38 IRDCs.
Masses for these compact 1.2 mm cores were calculated from the integrated flux from the two-dimensional Gaussian fit to the core. A histogram of the derived masses for the "cold" compact cores is shown in Figure 7 . These cores range in mass from 10 to 2100 M ⊙ , with a median value of 120 M ⊙ . We find that 67% of our sample lies in the mass range 30 to 300 M ⊙ . For masses >100 M ⊙ the distribution is roughly a power law with an index α (dN/dM ∼ M −α ) of 2.1 ± 0.4. The apparent peak near M∼45 M ⊙ reflects our completeness limit. Because the cores lie at different distances, the mass detection limit varies from cloud to cloud. At the median distance of our sample of ∼4.0 kpc, the 8σ core detection limit corresponds to a mass of ∼30 M ⊙ . Hence, below ∼ 45 M ⊙ , our "cold" core sample is incomplete.
For three active star-forming cores within G034.43+00.24, Rathborne et al. (2005) find that greybody fits to their IR to millimeter continuum spectral energy distributions reveal temperatures of ∼ 30K. Thus, these masses will be overestimates if any of the cores have a higher temperature than 15 K (e.g., a dust temperature of 30 K will reduce the core mass by ∼ 40%).
The cores have diameters in the range 0.04 to 1.6 pc, with a median diameter of 0.5 pc. All cores are resolved in the 11 ′′ IRAM beam. Figure 8 plots the size versus mass for the millimeter cores. The majority of cores have masses <200 M ⊙ and sizes <0.8 pc. We find no correlation between either the mass or size and kinematic distance (Fig. 9) . Indeed, we detect low-mass cores at all distances. Figure 10 plots the histogram of the core densities. The densities were calculated using
where M is the 1.2 mm mass and r is the radius (half the size given in Table 3 ). The densities range from 10 3 to 10 7 cm −3 , with a median value of 3.3 × 10 4 cm −3 .
4. discussion The combination of low optical depth and good angular resolution of these millimeter images allow us to probe the internal structure of IRDCs and to elucidate their role in the star formation process.
The sizes and masses of IRDCs as a whole are larger than those of Bok globules and hot cores, but smaller than those of giant molecular clouds. Instead, IRDCs more closely resemble cluster-forming molecular clumps. Indeed, IRDC sizes (∼ 2 pc) and masses (∼10 2 -10 4 M ⊙ ) are comparable to those of cluster-forming clumps (see Table 1 ). Moreover they both exhibit a highly fragmented sub-structure. A significant difference, however, is that IRDCs are much colder.
A Proposed Evolutionary Sequence for IRDCs
Because the masses and sizes of IRDCs and cluster forming clumps are so similar, we suggest that IRDCs are the high-mass analogs to Bok globules. As such, they are the precursors to star clusters. Their lower temperatures would then result purely from an evolutionary effect. IRDCs may be colder because they represent an early stage of a cluster-forming molecular clump before the stars have formed and heated the surrounding gas and dust.
If this scenario is correct, clusters begin their lives as cold, pristine IRDCs (in this discussion, we will refer to all molecular clumps with similar temperatures [∼ 15 K] ] as the MSX dark clouds as "IRDCs", whether or not they are actually observed as extinction features). As cores begin to collapse within the clump, protostars form and begin to heat their local environment. If high-mass protostars are present, they eventually will form zero-age main-sequence OB stars which will rapidly heat, ionize, and disrupt their surroundings.
We thus expect an evolutionary sequence for IRDCs as follows. The youngest IRDCs will be isolated IR dark clouds, unassociated with any bright, extended mid-IR or radio continuum emission. As protostars form, the IRDC cores will be bright, compact far-IR sources but the IRDC itself will remain dark. In the later stages, the IRDC will have formed OB stars which will illuminate and ionize significant portions of the cloud. Such IRDCs will contain very bright, extended mid-IR emission and compact H II regions. Eventually, the IRDC will lose its 'darkness' and become an IR bright star forming region.
We suggest that the degree to which IRDCs are associated with mid-IR continuum emission sources is precisely due to this evolutionary sequence. IRDCs with no associated mid-IR emission sources such as G015.31−00.16 ( Fig. 1[a] ) and G028.53−00.25 (Fig. 4[a] ) represent the very earliest stage before high-mass protostars have formed. The intermediate stage might be represented by G034.43+00.24 (Fig. 5[b] ). Rathborne et al. (2005) demonstrate that this IRDC is the site of recent, active high-mass star formation. Examples of the later evolutionary stage are G028.28−00.34 (Fig. 3[e] ) and G053.11+00.05 (Fig. 6[c] ). Toward both of these IRDCs we see bright, extended mid-IR emission. These bright sources appear to be H II regions breaking out of the dense cloud.
IRDC Cores: Precursors to Hot Cores
Whereas cluster formation takes place over size scales of several parsecs and involves ∼10 3 M ⊙ of molecular gas, individual stars form from smaller, less massive sub-structures. Individual low-mass stars form within Bok globules from pre-protostellar cores with characteristic sizes of ∼0.05 pc, masses of 0.5-5 M ⊙ , and densities of ∼10 5 -10 6 cm −3 (see Table 1 ). High-mass stars should form from similar cold, compact cores, but with higher masses and densities. However, the earliest well characterized stage of high-mass star formation is the hot core phase, well after the formation of the central protostar.
Just as IRDCs have similar sizes and masses compared to cluster-forming clumps, the IRDC cores also share some of the properties of hot cores that are associated with individual high-mass stars. Both the IRDC cores (∼ 0.3 pc) and hot cores (< 0.1 pc) are compact. In our sample, IRDC cores have a median mass of 120 M ⊙ . We find that 67% have masses in the range 30-300 M ⊙ (see Fig. 7 ), which is comparable to the measured mass for hot cores ∼ 100-300 M ⊙ . Their densities are also comparable; IRDC cores in our sample range from 10 3 -10 7 cm −3 while hot cores, have slightly larger densities ranging from 10 5 -10 8 cm −3 (see Table 1 ). These similarities suggest that IRDC cores may be the cold precursors to hot cores and the high-mass analogs of pre-protostellar cores within Bok globules. If true, then hot cores collapse from IRDC cores, and therefore we should expect the IRDC cores to be somewhat larger and less dense. Indeed, the observations show that the IRDC cores are factors of several larger and factors of ∼ 30 less dense than hot cores.
The mass of the star that forms within an IRDC core depends on fragmentation and the molecular core's star formation efficiency. In the simplest scenario, a single core forms a single star. Unfortunately, the core star formation efficiency is not well known. Lada et al. (1997) find efficiencies ranging from 10-30% in cluster-forming clumps. If we adopt a value of ∼ 20% as a typical core star formation efficiency, the majority of our cores will form stars with masses ranging from 6 to 60 M ⊙ corresponding to OB stars. We conclude therefore that IRDC cores are the precursors to high-mass protostars. In fact, find three high-mass protostars associated with IRDC cores in G034.43+00.24.
We cannot yet exclude, however, the possibility that some IRDC cores may instead further fragment to form several low-to intermediate-mass stars. Indeed, the most massive (>500 M ⊙ ) cores with compact (<0.5 pc) sizes will likely further fragment into several protostellar objects. Because the central protostar is directly revealed by its millimeter through mid-IR emission, the number of detected millimeter to mid-IR sources within these cores will trace the degree of fragmentation, and more importantly, reveal the luminosities of the individual protostars. Thus, higher angular resolution studies, in the millimeter/submillimeter and mid-IR, are necessary to distinguish between single and multiple protostars. In addition, such observations would also reveal the luminosities and, hence, masses of the individual protostars.
Because high-mass IRDC cores are brighter at millimeter wavelengths than low-mass cores, the lack of detected low-mass cores may result from our limited sensitivity. Because the number of cores as a function of mass N(M) is well characterized by a power law for masses >100 M ⊙ , one might expect the number of low-mass cores to follow this trend. It is possible therefore that low-mass cores exist in large numbers within IRDCs but are simply fainter than our detection limit. Toward the nearby clouds, we do detect a few low-mass cores (∼10 M ⊙ ); it is likely these will only give rise to low-mass stars.
Implications for the Role of IRDCs in Galactic Star Formation
The discovery of a large number of IRDCs and cores has important implications for their role in global star formation in the Galaxy. If IRDCs spawn star clusters, and stars form predominantly in clusters , then every star in the Galaxy may very well form within molecular clumps with identical temperatures, sizes, masses, column densities, and volume densities as IRDCs. These clumps would only appear as an IRDC if they happened to be nearby, with a strong mid-IR background.
A very rough estimate of the star formation rate within IRDC-like molecular clumps can be made as follows. The total mass in the form of IRDCs, M IRDC,tot , can be estimated using
where N IRDC is the total number of known IRDCs in the Galaxy, < M IRDC > is the characteristic mass of an individual IRDC, and f detect is the fraction of all IRDCs that can be detected as extinction features. Although our sample comes from the MSX database, new and future surveys will no doubt improve our understanding of IRDCs due to improved sensitivity and angular resolution. For example, the Spitzer 3-8 µm Galactic Legacy Infrared Mid-Plane Survey Extraordinaire (GLIMPSE; Benjamin et al. 2003) , improves the angular resolution by an order of magnitude over MSX and therefore reveals new IRDCs. MSX, however, does detect the largest, most massive IRDCs that presumably dominate Galactic star-formation. From the MSX database, roughly 10,000 IRDCs have been identified (Simon et al. 2006a) . If the IRDCs in our sample are typical, then we can choose their average mass as a characteristic mass for IRDCs, and so < M IRDC >∼ 3,000 M ⊙ . The total number of IRDCs in the Galaxy is not yet known. Because of strong observational bias only a fraction, f detect , of all IRDCs are actually detected as extinction features. Toward the inner Galaxy, IRDCs at the far kinematic distance will lie behind most of the diffuse IR emission and would be impossible to detect as extinction features. From geometrical arguments, sources within the solar circle at the near kinematic distance occupy 1/3 of the area of sources at the far kinematic distance. Since we preferentially detect IRDCs at the near kinematic distance we estimate f detect ∼ 1/3. With these estimates, the total Galactic mass contained in IRDCs is ∼ 10 8 M ⊙ , or about 5% of the total molecular gas content of the Milky Way.
The rate of star formationṀ occurring within IRDCs can now be estimated usinġ
where η is the star formation efficiency, and τ SF is the timescale for star formation to occur within an IRDC. If we choose an efficiency of η ∼ 0.2 (typical for cluster forming clumps) and a conservative star formation timescale of 10 7 yr, we arrive at a total star formation within IRDCs oḟ M ∼ 2 M ⊙ yr −1 . This star formation rate is quite close to estimates of the global star formation of the Galaxy, ∼ 3-5 M ⊙ yr −1 (Prantzos & Aubert 1995) . While this estimate is only approximate, it does support the plausibility of the idea that IRDC-like molecular clumps are the birthplaces of all stars.
Comparison to the Stellar IMF
If stars form within IRDC cores, then it is also interesting to compare the mass spectrum of IRDC cores with the stellar initial mass function (IMF). If these high-mass cores spawn single high-mass stars with a constant star formation efficiency, one might expect the power law index α to match that of the IMF for high-mass stars. Indeed, recent studies suggest that the stellar initial mass function is determined by the fragmentation of a cloud into cores, well before any stars have formed (Motte et al. 1998; Testi & Sargent 1998; Blitz & Williams 1999; Williams et al. 2000; Churchwell 2002) .
Above M ∼ 100 M ⊙ , we find the IRDC core mass spectrum is approximately a power law with an index α of 2.1 ± 0.4. Within the errors, this power-law index is the same as that for the stellar IMF for high-mass stars (α ∼ 2.35; Salpeter 1955) and also to that of the clump mass spectrum for molecular clouds (α ∼ 1.8; Kramer et al. 1998; Simon et al. 2001 ).
conclusions
We used MAMBO II on the IRAM 30 m telescope to image the 1.2 mm continuum emission toward a sample of 38 IRDCs with known kinematic distance. We find 1.2 mm continuum emission to be associated with each of the IRDCs observed. The morphology of the 1.2 mm continuum emission matches the mid-IR extinction features extremely well; some IRDCs are extended and filamentary, while others are compact and smooth. Every IRDC contains at least one compact (≤ 0.5 pc) core, with most IRDCs containing multiple cores.
IRDCs have masses in the range 120 to 16,000 M ⊙ (with a median mass of 940 M ⊙ ) and, in some cases, are associated with bright mid-IR emission sources. We suggest that the degree to which IRDCs are associated with bright mid-IR emission sources is related to their evolutionary phase; IRDCs with no associated mid-IR emission sources are in the earliest phase, while IRDCs with several bright mid-IR emission sources are in the later stages. The colder temperatures, fragmented sub-structure, and similar sizes and masses of IRDCs and cluster-forming molecular clumps, support our idea that IRDCs may be the precursors to cluster-forming molecular clumps and the high-mass analogs to Bok globules.
Toward the 38 IRDCs, we detected a total of 140 millimeter cores unassociated with MSX 8 µm emission. The core masses range from 10 to 2,100 M ⊙ and have a median mass of 120 M ⊙ . We find that IRDC cores have similar sizes, masses, and densities to hot cores associated with individual high-mass stars, the only obvious difference being that IRDC cores are colder. Assuming typical star formation efficiencies (∼ 20%), the simplest interpretation is that the majority of the cores will form high-mass stars in the range 6 to 60 M ⊙ . We suggest therefore that IRDC cores are in an earlier evolutionary phase than hot cores and that they are the higher-mass analog to the preprotostellar cores within Bok globules.
Given the limited angular resolution and sensitivity of the 1.2 mm continuum images, we cannot yet exclude the possibility that many of the cores will further fragment to form low-to intermediate-mass stars or that many lowmass cores exist within IRDCs but are below our detection limit. However, an estimate of the star formation rate within IRDC-like molecular clumps (∼ 2 M ⊙ yr −1 ) is comparable to the global star formation rate in the Galaxy, which supports the idea that such molecular clumps may be the birthplaces of all stars. We also find the slope of the IRDC core mass spectrum (α ∼ 2.1 ± 0.4) is similar to that of the stellar IMF.
Future high-resolution studies of IRDCs may help solve several outstanding problems in cluster formation. For example, the location of cores of various masses within IRDCs will test the idea that the observed stellar mass segregation (the tendency for higher mass stars to be located nearer to the center of a cluster) in evolved clusters results from an earlier mass segregation of the proto-stellar cores (Gouliermis et al. 2004 ). In addition, emission from the extended regions of IRDCs will trace the initial conditions and cloud density structure just prior to fragmentation. IRDCs, therefore, represent excellent laboratories to study the core mass spectrum, its relation to the stellar initial mass function, and the observed mass segregation within star clusters.
The authors gratefully acknowledge funding support through NASA grant NNG04GGC92G. We thank Axel Weiss for help with the IRAM observations. The data have been reduced with the mapping software package developed by Robert Zylka. This software uses the "restoring" algorithm of Emerson et al. (1979) , the "converting" algorithm of C. Salter ("Continuum Mapping with the NRAO 12-m Telescope" user's manual), and partly the NOD2 and the GILDAS libraries. IRAM is supported by INSU/CNRS (France), MPG (Germany) and IGN (Spain). This research made use of data products from the Midcourse Space Experiment. Processing of the data was funded by the Ballistic Missile Defense Organization with additional support from NASA Office of Space Science. This research has also made use of the NASA/IPAC Infrared Science Archive, which is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National Aeronautics and Space Administration. We thank the anonymous referee for suggesting several clarifications and augmentations that have greatly improved the paper. Table 3 ). The contours in all cases are 30 (∼3σ), 60, 90, 120, 240, 360, 480, 840, 1200 , 2400 mJy beam −1 , except for G015.31−00.16 which has contours of 20 and 40 mJy beam −1 and G022.73+00.11 which has contours of 20, 30, 45 mJy beam −1 . Table 3 ). The contours in all cases are 30 (∼3σ), 60, 90, 120, 240, 360, 480, 840, 1200 , 2400 mJy beam −1 . The ellipse overlaid on G024.33+00.11 marks the position of the IRAS source. Table 3 ). The contours in all cases are 30 (∼3σ), 60, 90, 120, 240, 360, 480, 840, 1200, 2400 mJy beam −1 . The ellipses mark the position of the labeled IRAS sources. Table 3 ). The contours in all cases are 30 (∼3σ), 60, 90, 120, 240, 360, 480, 840, 1200 , 2400 mJy beam −1 . Table 3 ). The contours in all cases are 30 (∼3σ), 60, 90, 120, 240, 360, 480, 840, 1200, 2400 mJy beam −1 , except for G034.43+00.24 which starts at 60 mJy beam −1 . The ellipse marks the position of the IRAS source. Table 3 ). The contours in all cases are 30 (∼3σ), 60, 90, 120, 240, 360, 480, 840, 1200 , 2400 mJy beam −1 . Fig. 7 .-Number distribution of compact 1.2 mm cores with mass. We find the cores have masses in the range 10 to 2100 M ⊙ with a median mass of 120 M ⊙ . A power law fit to the curve (above a mass of 100 M ⊙ ) gives a slope of 2.1±0.4. We find that ∼ 67% of our sample lies in the mass range 30 to 300 M ⊙ . The apparent peak near M ∼45 M ⊙ reflects our detection limit. -Distance as a function of 1.2 mm core mass (left) and size (right). We find no correlation between either mass or size and distance to the cores. Indeed, we detect low-mass cores at all distances. Fig. 10 .-Number distribution of compact 1.2 mm cores with density. We find the densities range from 10 3 to 10 7 cm −3 , with a median value of 3.3 × 10 4 cm −3 . References. -(1) Simon et al. 2006a ; (2) Simon et al. 2006b 
